Analysis of the respiratory syncytial virus (RSV) fusion (F) protein in RSV-infected
The human respiratory syncytial virus (RSV) fusion (F) protein is initially synthesized as an inactive precursor (F0), which undergoes proteolytic activation in the trans-Golgi compartment (Collins & Mottet, 1991 ; Anderson et al., 1992 ; Bolt et al., 2000 ; Sugrue et al., 2001 ) resulting in disulphide-linked F1 and F2 subunits (F2s-sF1). We have previously examined processing of the RSV (A2 strain) F protein in Vero C1008 cells (Sugrue et al., 2001) where we noted that the F2 domain was difficult to detect, compared with the F1 subunit, following metabolic labelling of the F protein with [$&S]methionine. Thus, to overcome this problem, RSV-infected cells were labelled with [$H]glucosamine and the F protein isolated by radioimmunoprecipitation (RIP) using mAb19 (Taylor et al., 1992) and analysed by SDS-PAGE (Fig.  1A) . Although mAb19 recognizes the F1 subunit (Taylor et al., 1992) , the F2 subunit is co-precipitated since both subunits are covalently linked in F2s-sF1 by a disulphide bridge (Scheid & Author for correspondence : Richard Sugrue.
Fax j44 141 337 2236. e-mail r.sugrue!vir.gla.ac.uk Choppin, 1977 ; Gruber & Levine, 1985) . Only F2s-sF1 was detected and specific labelled protein bands corresponding to the F1 and F2 proteins were visualized. The F1 subunit migrated as a single 50 kDa species, while at least three different F2 protein species could be identified whose sizes were estimated as 22, 16 and 10 kDa, and which were designated F2a, F2b and F2c respectively. The intensity of these bands, as visualized by autoradiography, decreased in the order F2a F2b F2c. It is interesting to note the similarities in size of F2a and F2b in RSV-infected cells with the mono-and di-glycosylated mutant forms of the F2 subunit transiently expressed in mammalian cells (Zimmer et al., 2001) . The origin of the F2c species is less certain since it is a minor species that is only readily seen following longer labelling pulses with [$H]glucosamine (6-8 h pulse). Whereas we detected F2a and F2b in several other different cell lines (CV-1, HeLa and HEp2), F2c was only detected in Vero cells. Its size is similar to that of the deglycosylated F2, and it may represent an F2 species that is generated by specific proteolytic activity within Vero cells. In this report F2a and F2b will be collectively referred to as [F2] a/b . The F protein present in RSV-infected cells was analysed by Western blotting using mAb 19 (Fig. 1B) , which showed that the F1 subunit migrated as a single 50 kDa protein in SDS-PAGE. No smaller F1 protein-related products were detected thus showing that the 22-10 kDa proteins detected in our RIP assays are not degradation products of the F1 subunit. We also noted that similar levels of the [$H]-glucosamine-labelled F1 and [F2] a/b protein bands were detected in RSV-infected cells, either in the absence or presence of 6 µg\ml actinomycin D, an inhibitor of host cell RNA polymerase activity (unpublished data). No labelled proteins were detected in mock-infected cells, either in the presence or absence of the drug, thus confirming the viral nature of these proteins.
The [$H]glucosamine-labelled F protein was examined in RSV-infected Vero cells treated with the furin inhibitor dec-RVKR-cmk (Fig. 1C) . Addition of dec-RVKR-cmk resulted in the formation of the endo H-resistant form of the non-cleaved F protein (F0 EHr ), described previously (Sugrue et al., 2001 with RSV at a multiplicity of 2 and following adsorption at 33 mC for 2 h, the cells were incubated at 33 mC for a further 18 h. At 20 h postinfection, the medium was removed and the cells incubated in DMEM minus glucose for 1 h prior to radiolabelling after which they were pulselabelled with 100 µCi/ml D-[6-3 H]glucosamine hydrochloride for 6 h. The F protein was isolated by RIP and analysed using 15 % SDS-PAGE as described previously (Sugrue et al., 2001) . The labelled protein bands (as shown) were detected by autoradiography. Apparent molecular masses were estimated using Rainbow high-(14n3-220 kDa) and low-(2n5-46 kDa) range protein markers (Amersham). (B) Western blot analysis of the F protein from cell lysates using mAb19. Mock-infected (M) or RSVinfected (I) monolayers were extracted with lysis buffer (1 % NP-40, 0n1 % SDS, 150 mM NaCl, 1 mM EDTA, 2 mM PMSF, 20 mM Tris-HCl, pH 7n5) at 4 mC for 10 min. The clarified lysate was resuspended in boiling mix, separated by SDS-PAGE and transferred onto a PVDF membrane. After transfer, the membrane was washed with PBSA and blocked for 18 h at 4 mC in PBSA containing 1 % Marvel and 0n05 % Tween 20. It was then washed twice in PBSA prior to incubation with mAb19 for 60 min. The membrane was washed four times in PBSA containing 0n05 % Tween 20 and probed using goat anti-mouse IgG (whole molecule) peroxidase conjugate (Sigma). The protein bands were visualized using the ECL protein detection system (Amersham). (Altin & Pagler, 1995 ; Sugrue et al., 2001) . Briefly, cell monolayers were treated with 500 µg/ml sulfo-NHS-LC-biotin (Pierce) in PBSA, pH 8n0, and the F protein was isolated by immunoprecipitation. The immunoprecipitates were separated using 15 % Tris-glycine SDS-PAGE and transferred by Western blotting onto a PVDF membrane which was probed with al., 2001), and noted some residual cleavage of the F0 protein, as evidenced by the appearance of the F1 and F2 proteins. The latter is thought to be due to an alternative pro-protein convertase activity (Bolt et al., 2000 ; Sugrue et al., 2001) . Similar results were obtained in RSV-infected LoVo cells (data not shown), which produce an inactive form of furin (Takahashi et al., 1993) . This clearly shows that the presence of [F2] a/b is dependent upon specific post-translational cleavage of the F protein.
The F protein expressed on the surface of RSV-infected cells was examined by cell surface biotinylation (Altin & Pagler, 1995) . The results of our analysis clearly showed that both the F1 and [F2] a/b subunits were efficiently labelled with biotin (Fig. 1D ). This suggests that the different F protein species are expressed on the surface of RSV-infected cells.
N-linked glycosylation is initiated in the endoplasmic reticulum (ER) where a mannose core structure is initially attached to the protein. This is subsequently trimmed and complex carbohydrates (e.g. fucose, glucosamine and galactosamine) are then added to the trimmed mannose core, yielding the final carbohydrate structure. RSV-infected Vero cells were labelled with either -[6-$H]glucosamine, -[2-$H]mannose or -[6-$H]fucose, and the F protein analysed by RIP and SDS-PAGE ( Fig. 2A) . These [$H]sugars label specific residues within the carbohydrate moiety that is attached to the F protein : [$H]mannose labels both mannose and fucose residues, [$H]glucosamine labels the sugars glucosamine and galactosamine, while only fucose residues are labelled using [$H]fucose (Cummings, 1993) . In each case, the different F protein subunits were readily detected following radiolabelling with these sugars (Fig. 2A) . The relative intensity of each labelled subunit may be determined both by the number and structure of individual oligosaccharide moieties which are present. However, the ability to directly label the F2 protein subunits with terminal sugars shows that they are modified by complex carbohydrates and are mature forms of the F2 subunit.
The glycosylation status of the F protein subunits was investigated using endoglycosidase H (endo H) and PNGase F (Fig. 2B, C) . PNGase F is able to remove the entire carbohydrate moiety from proteins modified by N-linked glycosylation while endo H specifically removes hybrid and high-mannose sugar chains. In this analysis, both the [$&S]methionine-and [$H]glucosamine-labelled F protein were assayed for their sensitivity to deglycosylation by these enzymes. Analysis of the [$&S]methionine-labelled F protein subunits by SDS-PAGE (Fig. 2B) showed, as expected, that the electrophoretic mobility of F1 and [F2] a/b remained unchanged following endo H treatment. The electrophoretic mobility of the F1 and F2 subunits increased following PNGase F treatment, yielding streptavidin-HRP (1/1000 dilution, Amersham). The membrane was washed with PBSA and the protein bands were visualized using the ECL protein detection system (Amersham). The biotinylated F protein species are indicated.
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Glycosylation of the RSV F protein Glycosylation of the RSV F protein H]fucose for 4 h and the F protein was isolated by RIP and analysed by 15 % SDS-PAGE as described in Fig. 1. (B) RSV-infected Vero cells were incubated in DMEM minus methionine for 1 h prior to radiolabelling with 100 µCi/ml [ 35 S]methionine for 1 h, after which they were chased for 90 min in DMEM with methionine. Alternatively, (C) RSV-infected cells were labelled with [ 3 H]glucosamine for 4 h as described in Fig. 1 . In both cases (B and C) the F protein was isolated by RIP and the immunoprecipitates were incubated at 100 mC for 10 min in 0n5% SDS, 1 % mercaptoethanol. They were made up to a final concentration of either 50 mM sodium phosphate, 1 % NP-40, pH 7n5 or 50 mM sodium citrate, pH 5n5, and incubated at 37 mC for 14 h with either 1000u PNGase F (NEB) or 1000u Endo H (NEB) respectively. k, mock-treated ; H, endo H-treated ; F, PNGase F-treated. Analysis was performed using 15 % SDS-PAGE. The [
35 S]methionine-labelled protein bands were detected and quantified by density volume analysis using a BioRad personal Fx phosphorimager and Quantity one software. The [ 3 H]glucosamine-labelled F protein was detected using autoradiography. The position of the deglycosylated (v) F protein subunits is indicated.
single protein bands of 48 and 10 kDa respectively, which is consistent with their deglycosylation. This confirms that [F2] a/b is modified by complex N-linked carbohydrate chains. In a similar analysis, endo H treatment of [$H]glucosamine-labelled F protein had no effect either on the intensity or the electrophoretic migration of the F1 and [F2] a/b protein bands (Fig. 2C) . However, treatment with PNGase F resulted in the efficient removal of [$H]glucosamine label from each of the F protein subunits. In addition, examination of the F protein in RSV-infected cells treated with tunicamycin, a nucleoside antibiotic that inhibits N-linked glycosylation, showed the presence of 48 and 10 kDa proteins, the expected sizes for the deglycosylated F1 and F2 subunits (data not shown). The formation of a single 10 kDa F2 protein following enzymatic deglycosylation using PNGase F (or by tunicamycin), suggests that the different forms of the F2 protein may arise from differences in N-linked glycosylation.
The [$H]glucosamine-labelled F protein was analysed by non-reducing SDS-PAGE (Fig. 3A) , under which conditions the F protein migrated with a molecular mass of approximately 70 kDa, the expected size for the non-reduced monomeric form of F2s-sF1. A single 70 kDa F protein species was detected following short labelling periods (e.g. 1 h) whereas the non-reduced F2s-sF1 appeared as a closely spaced doublet band following longer labelling. The absence of the protein bands corresponding to F1 and [F2] a/b in non-reducing SDS-PAGE clearly shows they are disulphide bonded within F2s-sF1. This doublet arises from the disulphide bonding of the F1 subunit with [F2] a/b , the latter accumulating during longer pulse-labelling times (data not shown). It is interesting to note that the size difference of the proteins within the doublet is similar to the differences in the size between F2a and F2b. A similar F protein 70 kDa doublet band was also observed under non-reducing conditions by Western blotting using mAb19 (Fig. 3B ). In addition, in both assays, a larger F protein species (approx 140 kDa) was detected, which is similar in size to the F protein dimer that has been reported (Arumugham et al., 1989 ; Collins & Mottet, 1991 ; Anderson et al., 1992) . This suggests that the non-reduced F protein has an increased resistance to heat denaturation during sample preparation compared with the reduced form of the F protein.
The ability of F1 and [F2] a/b to form equivalent oligomeric structures was examined using bi-functional protein crosslinking reagents, namely dithiobis[succinimidyl propionate] (DSP) and disuccinimidyl suberate (DSS). These reagents contain two reactive groups that are separated by a spacer arm spanning 11-12 A H (Wong, 1991). In this way, components of protein complexes, formed through non-covalent interactions (e.g. hydrogen bonding), can be stabilized during extraction and subsequent processing by SDS-PAGE. We anticipated that the potential size of cross-linked F protein multimers would be beyond the resolution of the Tris-glycine electrophoresis system and instead used 3-8 % Tris-acetate SDS-PAGE, which allows accurate resolution of protein species in the range 40-400 kDa (Hames, 1990) . Separation of the nonreduced F protein by 3-8 % Tris-acetate polyacrylamide gels, followed by Western blotting, showed that the 70 kDa doublet band that was detected by Tris-glycine SDS-PAGE was resolved into two clearly distinguishable protein species, whose sizes were approximately 42 and 55 kDa (Fig. 3C) . The observed difference in electrophoretic migration of F2s-sF1 between the Tris-acetate and Tris-glycine systems presum- 35 S]methionine as described in Fig.  2 . Increasing concentrations of DSP and DSS, prepared in PBSA, pH 8n0, were added to the infected monolayers, which were incubated at 4 mC for 1 h. The cross-linking reactions were quenched with PBSAj20 mM glycine and lysates prepared using lysis bufferj20 mM glycine. The F protein complexes were isolated by RIP and analysed by 3-8 % non-reducing Tris-acetate SDS-PAGE. The [
35 S]methionine-labelled protein bands were detected by phosphorimaging as described in Fig. 2 . The crosslinker concentrations are shown, nt, Non-treated. The F protein complexes are indicated together with their molecular masses. We have assigned the monomeric F2s-sF1 a molecular mass of 50 kDa which is the average mass of the two F protein species present in the doublet band. The 420 kDa position was estimated by extrapolation of the calibration curve and is within the fractionation range of this electrophoresis system. ably is a consequence of the different buffer systems used that influence binding of SDS to the F protein (Hames, 1990) .
RSV-infected cell monolayers were pulse-chase labelled using [$&S]methionine and treated with DSP and DSS which allowed the F protein to be cross-linked in situ. The F protein was isolated using RIP and analysed by 3-8 % Tris-acetate SDS-PAGE under non-reducing conditions (Fig. 3D) . In the absence of cross-linker, the monomeric form of F2s-sF1 was clearly visible, and an additional very faint 100 kDa doublet protein band (dimeric F protein.) was also observed. The addition of cross-linking reagents to the monolayers resulted in the formation of two doublet bands, whose sizes were approximately 100 and 150 kDa, consistent with an F protein dimer and trimer respectively.
Our findings suggest that in RSV-infected cells the mature F protein, like several other viral fusion proteins, exists as a homotrimeric complex. This is in agreement both with the homotrimeric F protein complexes identified in other paramyxoviruses (Russell et al., 1994) and structural information obtained from recombinant F protein and model peptides (Calder et al., 2000 ; Matthews et al., 2000) . The formation of these cross-linked F protein oligomers coincided with a reduction in the amount of immunoprecipitated monomeric F protein. Similar results were obtained using a variety of other protein cross-linkers (data not shown). Analysis of the crosslinked F protein oligomers by Western blotting failed to detect the presence of the G protein (unpublished observations), indicating that the G protein is not present in the cross-linked GE F protein complexes, confirming previous observations that have failed to detect stable interactions between the F and G glycoproteins (Collins & Mottet, 1991) . These data allow us to conclude that the different glycosylated F protein species are able to form equivalent homotrimeric complexes, a prerequisite for transfer through the secretory pathway (Gething et al., 1986 ; Kreis & Lodish, 1986) , which are subsequently transported to the surface of RSV-infected cells. These conclusions were supported by density-gradient centrifugation analysis which showed co-migration of F1 and [F2] a/b (data not shown).
We have identified multiple forms of F2s-sF1, which differ in their pattern of F2 glycosylation. Differential processing of the RSV F protein is not unique within the paramyxoviruses and similar observations have been reported in measles virus fusion protein (Alkhatib et al., 1990 ; Bolt & Pedersen, 1998) . The biological consequences of these different F protein species are unclear, but they may result in subtle differences that could affect some aspects of F protein function, e.g. interaction of the F protein with heparin sulphate, the putative virus receptor (Karron et al., 1997 ; Karger et al., 2001) or by influencing fusion activity (Alkhatib et al., 1994 ; Zimmer et al., 2001) . The importance of glycosylation in receptor binding for other viral fusion proteins has been documented (Fenouillet et al., 1989 (Fenouillet et al., , 1990 .
